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Preface

The purpose of this study was to design, fabricate, and
evaluate the performance of piezoelectric polymer tactile
sensor arrays (PPTSAs). The fundamental performance goal
for these PPTSAs was to have nondestructive, passive devices
which are capable of providing valuable information to a
robotic’s controller when physical contact is made with an
object of interest. Thesge tactile devices are of particular
interest to those who fabricate robots which must avoid
mechanical damage and electrical discharge with an object
while performing a particular task.

The PPTSAs were fabricated from the piezoelectric
polymer polyvinylidene fluoride (PVDF). PVDF provided the
nondestructive and passive power element to the PPTSAs.
Fabrication techniques where developed to handle the
temperature and chemical limitations of PVDF. Each of the
PPTSAs congisted of a 5 x 5 array of discrete sensor
elements.

I thank the numerous individuals who provided me with
assistance during this study. First and foremost, I thank
my thesis advisor, Maj E. Kolesar, for his writing skills,
technical knowledge, guidance, patience, and continual
support. I also thank the other members of my thesis
committee, Ma; D. Kitchen, Dr. M. Kabrisky. and Col C.
Hatsel]l for their support. 1 owe a special thanks to Mr. W.

Kingery and Mr. J. Thompson of the 4950th Test Wing and Mr.

ii




@

D. Via of the Avionics Laboratory for their priceless
experimental assistance. A word of thanks goes to AFIT's
technical staff for providing support, equipment, and
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PVDF film and invaluable technical information. Mrs. D.
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Abstract

This study resulted in the design and fabrication of 16
Piezoelectric polymer tactile sensor arrays (PPTSAs) for
robotics. Six of these PPTSAs were evaluated for
piezoelectric activity. Two of the 2ix were thermal poled
and evaluated again for piezoelectric activity. Each PPTSA
contained a 5 x 5 array of identical, (3 mm x 3 mm) discrete
sensors. Polyvinylidene fluoride (PVDF) was the
pitezoelectric polymer used in the gtudy. The PVDF was 1in
two film thicknesses (25 and 40 microns) and in two forms
(unmetallized and vendor metallized). The PVDF film had
inherent chemical and temperature limitations. Two
electrode-structure fabrication processes were developed to

accommodate these limitations.

xvii




PIEZOELECTRIC POLYMER TACTILE SENSOR ARRAYS

FOR ROBOTICS

1. Introduction

Background

One of the most promising applications of robotic
research is its utility for refueling aircraft in a
hazardous environment. 1In order to accomplish this task, it
is necessary to first locate the refueling port on the
aircraft, and then connect the pump’'g nozzle without causing
mechanical damage or electrical discharge. This critical
location and positioning task may be accomplished with or
without human assistance, depending upon the sensors and
computational power involved.

A fundamental step towards solving this problem is to
develop tactile sensor arrays that will provide information
to the robdotic's controller when physical contact is made
with an object of interest. Ultimately, the sensor will be
configured as a planar array and have graduated sensgitivity
levels. This spatial configuration will yield information

to discern an object’'s shape.




Problem Statement

The purpoge of this thesis was to design and fabricate
16 piezoelectric polymer tactile sensor array (PPTSA)
configurations from two selected designs. The polyvinyli-
dene fluoride (PVDF) polymer was the piezoelectric material
of choice. PVDF was selected because it has the highest
piezoelectric activity of all known polymers (Kawai,
1969:975-976), and it possesses several physically desirable
characteristics (flexibility, durability, and chemical

resistance) (Lovinger, 1983:1115).

Scope

The project was restricted to the design and the
fabrication of 16 PPTSA configurationg. Six of the
configurations were evaluated for piezoelectric activity.
Two of the 8ix configurations were thermally poled and

evaluated again for changes in the piezoelectric activity.

Summary of Current Knowledge

Piezoelectric materials have the ability to develop an
electric charge proportional to an applied mechanical
stregssgs, or conversely, a physical strain proportional to an
applied electric field. This electrical-to-mechanical and
converse relationship that occurs in these materials is
called piezoelectricity. Cady (Cady, 1964:177) defined

piezoelectricity as follows:




A piezoelectric crystal may be a crystal in

which “electricity of electric polarity’ 1is

produced by pressure; or, more briefly, as one

that becomes electrified on squeezing; or as one

that becomes deformed when in an electric field.

The first two definitions express the direct

piezoelectric effect, while the third expresses

the converse piezoelectric effect.

At the atomistic or microscopic level, electric dipoles
created in piezoelectric materials under mechanical sgtress
are the basic element of the piezoelectric effect. Electric
dipoles form because the piezoelectric material’'s crystal-
line structure lacks a center of inversion. Under stress,
the crystal symmetry of the material becomes distorted and
the electric dipoles are created. Although it is convenient
to understand piezoelectricity at the atomistic level, no
one has been able to exactly predict the piezoelectric
activity of a material.

Typically, piezoelectricity in materials is described
at the macroscopic level. The piezoelectric properties of a
material are described in terms of directionally-sensitive
piezoelectric coefficients (such as stress, strain, voltage,
and charge).

Although piezoelectricity occurs in a select group of
single crystals without any conditioning process, ceramics
and polymers need a conditioning process to make them
piezoelectric (KYNAR Piezo Film Department, 1983:29; Jaffe

and others, 1971:1-4). Ceramics are made piezoelectric

using a conditioning process called poling (Jaffe and
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others, 1971:1). The poling process causes the randomly
aligned crystallites in a material to become preferentially
aligned, and thus, make the material piezoelectric.

Polymers use mechanical stretching and a gubsequent poling
processes to make them piezoelectric (Lovinger, 1983:1115).
Mechanical stretching imparts limited piezoelectric activity
in a polymer (Gerliczy and Betz, 1984:6).

Piezoelectric polymers, like PVDF, combine the best
characteristics of polymeric materials, such as small mass,
flexibility, simple processing, large piezoelectric
coefficients, gsignificant bandwidth, and linear output over
a wide dynamic range (Lovinger, 1983:1115; Pedotti and
others, 1984:163). PVDF is a semi-crystalline, high-
molecular weight polymer whose monomer formula is (CHZ-CFQ)n
{KYNAR Piezo Film Department, 1983:26). The polymer is
approximately 50 percent crystalline and 50 percent
amorphous. The principal crystalline phases shown in Figure
1.1 are the nonpolar alpha- and the polar beta-phases (KYNAR
Piezo Film Department, 1983:27). High piezoelectric

response is associated with the polar beta-phase.

Approach

The general approach consisted of degzigning and fabri-
cating 16 PPTSA configurations. Six of these configurations
were evaluated for piezoelectric activity. Two of the gix
evaluated configurations were thermally poled and evaluated

again for changes in the piezoelectric activity. This study
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Crystalline forms of polyvinylidine fluoride

Figure 1.1. The Principal Crystalline Phages: (a) Non-~
piezoelectric Alpha-Phagse and (b) Piezoelectric
Beta-Phase (Carlisle, 1986:4).

was based on several variations included in the selected
designs. Through a common evaluation process, the
advantages and the disadvantages of the electrode-structure
fabrication processes, the PPTSA designs, and the thermal

poling process was revealed.




Each of the two selected designs consisted of a 5 x 5
array of discrete sensor elements, but they differed in
their design and method of fabrication. One design, called
the stripe design, used two orthogonal gets of five parallel
electrode stripes. One set of stripes was patterned on one
surface of the PVDF, and the second set was positioned on
the opposite surface, but was rotated 90 degrees with
respect to the first set. The second design, called the
square-pad patterned design, had two different electrode
patterns on the surfaces of the PVDF film. The upper
surface consisted of a homogeneous and continuous common
electrode ground plane, and the lower surface had 25
discrete square electrodes arranged 1n a 5 x 5 matrix. Both
designs were fabricated to approximate the size of an
adult’'s fingerprint.

The fabrication parameters involved two sensor designs
(stripe and square-pad), two PVDF film thicknesses (25 and
40 microns), two sensor element spacings (500 and 750
microns), and vendor metallized and unmetallized PVDF film.
Two electrode-structure fabrication processes were generated
to account for the vendor metallized and unmetallized PVDF
film used. Sixteen unique PPTSA configurationsg were

fabricated.

This research effort wag partitioned into six
phases. The first four phasgses consisted of fabricating

16 unique PPTSAs {rom vendor poled PVDF film, and were
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organized according to the ease of PPTSA fabrication.

In the fifth phase, an electrode-structure fabrication
process evaluation, and a piezoelectric activity
evaluation were performed. The sixth phase involved
thermally poling two configurations and a second
piezoelectric activity evaluation. A description of

each of the six phases follows:

1. Phase I. Four stripe design PPTSA configurations
were fabricated from the vendor's unmetallized PVDF film in
this phase. These PPTSAs were the simplest to fabricate.
Since these were the first PPTSAs fabricated, the first
samples were made individually to optimize the process
variables. A thermal evaporation electrode-structure
fabrication process was used to realize stripe electrodes on
the unmetallized PVDF film. The identifying PPTSA number,
film thickness, and element spacing of the configurationsg in
this phase were:

25 micron thick film, 500 micron element spacing
25 micron thick film, 750 micron element spacing

40 micron thick film, 500 micron element spacing
40 micron thick film, 750 micron element spacing

> 01D -

2. Phase I1. Four square-pad design PPTSA configura-
tions were fabricated from the vendor's unmetallized PVDF
film in this phase. The thermal evaporation electrode-

structure process was used to realize the square-pad and

ground plane electrodes on the PVDF film. The identifying




< &Eb PPTSA number, film thickness, and element spacing of the

configurations in this phase were:

i 5. 25 micron thick film, 500 micron element gpacing

v 6. 25 micron thick film, 750 micron element gpacing

v 7. 40 micron thick film, 500 micron element spacing

v 8. 40 micron thick film, 750 micron element spacing

ol 3. Phase III. Four stripe design PPTSAs were

: fabricated from the vendor's aluminum metallized PVDF film

in this phase. A photolithographic process was used to

ﬁi define the electrode stripes from the aluminum film that was

K

;5 on the surfaces of the metallized PVDF film. The identi-

A fying PPTSA number, film thickness, and element spacing of

}: the configurations in this phase were:

:»‘

.tﬁ

) 9. 25 micron thick film, 500 micron element spacing
‘I’ 10. 25 micron thick film, 750 micron element spacing

kY 11. 40 micron thick film, 500 micron element apacing

KL 12. 40 micron thick film, 750 micron element spacing

Y 4. Phase IV. Four square-pad patterned PPTSA config-
urations from the vendor'’'s aluminum metallized PVDF film
were fabricated in this phase. The photolithographic

procegs was used to form the electrode ground planes and

re

square electrode pads from the aluminum film that was on the
surfaces of the metallized PVDF film. The identifying PPTSA
number, film thickness, and element spacing of the

configurations in this phase were:
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13. 2% micron thick film, 500 micron element spacing

14. 25 micron thick film, 750 micron element spacing

15. 40 micron thick film, 500 micron element spacing

16. 40 micron thick film, 750 micron element spacing

S. Phase V. This phase 1nvolved an electrode-structure
process evaluation and a prezoelectric activity evaluation
The electrode-structure process evaluation consisted of two
parts. In the first part. a dimensional error analysis was
performed on the electrode structures that were fabricated
using the two electrode-structure fabrication processes
(evaporation and photolithographic). The purpose of this
analysi1s was to determine how the fabricated structures
compared to the design specifications. The performance of
the stripe electrodes was determined i1n the second part.
The piezocelectric activity evaluation was used to determine
the relative pirezoelectric activity of the PVDF film 1n six
of the PPTSA configurations.

6. Phase VI. Two of the six PPTSA configurations from
the previous phase were thermally poled and evaluated 1n
this phase. The two configurations consisted of one stripe
and one square-pad design configuration. A piezoelectric
activity evaluation was performed on these two configura-

tions after they were thermally poled.

Seguence of Presentation

A chronological order ig used to present the flow of
the thesigs. The thesis conaisted of five main sections: the

background, the experimental designs and procedures, the

1.9




experimental data collection, the discussion and analysis.
and the conclusions and recommendations.

The background information for the thesis 15 presented
in Chapter [ Th:s chapter discusses and summarizes the
p.ez:-e.e-tr.C- ette>t thecrv., how to 1nduce the pirezoelectric
eftect ir. pciymers. and the concept of tactility as 1t
re.ates tc rcbotics These sub)ects were determined crucial
for urderstanding how piezoelectric polymer tactile sensor
arravs fcr rotbtotics are synthesized. The bulk of the
ma‘ter.a. :ir. this chapter wasg extracted from the literature.

The exper:menta. desi1gns. sensor fabrication
proc-edures. thermal poiing procedure. and evaluation
procedures are described i1n Chapter []I]l. The i1nstrumental
interfaces. equipment. and materials used i1n the various
thes:s procedures are discussed.

Chapter 1V contains the experimental data. The data
from the electrode-structure fabrication process evaluation
and the plezoelectric activity evaluation are presented.

Finally a discussion and analysis section 18 presented
in Chapter V. The data from the two evaluations are
examined. discussed., and analyzed.

Chapter VI contains conclusions drawn from the
discussion and analysis chapter. This chapter also provides
recommendations for future gtudies.

‘The appendices contain supplemental material. The

numerous fabrication procedures are Appendices A through F,
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inclusive. Photocopies of the high resolution plates were
placed 1n Appendix G. A sketch of the thermal poling chamber
18 1ncluded 1n Appendix H. The computer programs that were
used 1n the data analysis are contained in Appendix I.

Appendix J contains several graphs of piezoelectraic activaity

data.
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I11. Background

Constructing pirezoelectric polymer tactile sensor
arrays for robotics requires an undersgtanding of the
pirezoelectric effect, how to induce pirezoelectricity 1in
polymers, and the concept of tactility as 1t applies to
robotics. This chapter covers the piezoelectric effect
(history and origin), the properties of the polymer,
polyvinylidene fluoride, the different methods of inducing
the pi1ezoelectric effect 1n polyvinylidene fluoride

(stretching and poling), and the concept of tactility.

Prezoelectric Effect

This gsection presents a historical overview concerning
the piezoelectric effect and the microscopic and macroscopic
theory behind this effect. The history subsection explains
that this effect was discovered more than 100 years ago; and
that 1t no longer applies solely to crystals, but also
includes ceramics and polymers. The microscopic theory
subsection explaing why piezoelectricity occurs in
piezocelectric materials. The macroscopic theory
subsection describes the derivation of the direct and
converse piezoelectric effect equations.

Historical Perspective. 1In 1880, Pierre and Jacques

Currie discovered that some crystals, when compressed in
particular directions, produced positive and negative

charges on certain portions of a crystal’'s surface (Cady,




1964:2-3). The charges produced were proportional to the
applied pressure and disappeared when the pressure was
removed. Th:s discovery 18 known today as the direct
piezoelectric effect. The piezoelectric effect was observed
1in crystals, such as quartz, rochelle salt. and tourmeline.

In the year following the Curries’ discovery, Lippmann
postulated the application of thermodynamic principles to
reversible processes 1nvclving electric quantities (Cady,
1964:4) . As a consequence, Lippmann postulated the converse
pilezoelectric effect. Before the end of 1881, the Curries
alsc experimentally verified this effect.

By 1894, Duheim, Pockels., and Voight advanced the
quantitative formulation of the piezoelectric theory (Cady,
1664:5). They combined elements of elastic tensors and
electric vectors with the geometrical aspects of crystals to
explain why 20 of the 32 crystal classes possessed the
piezoelectric effect.

In 1916, Langevin conceived the idea of using quarte
crystals underwater for emitters and receivers (Cady,
1964:5-6) . In his experiment, one quartz crystal was
excited wath a high frequency signal, and he used another
crystal to detect the emitted vibrations. Using the “echo
method” , he was algo able to determine the locations of
objects.

The first piezoelectric ceramics were introduced in the

early 1940's (Jaffe and others, 1971:1-4). Since piezoelec-




tric ceramics are generally i1sotropic 1n nature. they are
not piezoelectric (Seippel. 1983:123). A ceramic 13 gener-
Ally considered 1sotropic dbecause 1t has the same properties
regardless of the direction of measurement (Seippel.
1983:123). The polar axes of the individual crystallites 1in
ceramics are randomly oriented with respect to each other.
Piezoelectric properties are i1nduced 1n ceramics using a
poling process (Jatfe and others, 1071:1). The poling
process uses an i1ntense electric field and an elevated
temperature to cause the polar axes of the crystallites to
align and make the ceramics anisotropic. The crystallites
will remain favorably aligned as the temperature 1s reduced
to room temperature, at which the electric field is removed.

In 1906, Kawai discovered that polyvinylidene fluoride
(PVDF) could be poled to a piezoelectric activity level not
previocusly achieved with any other polymer (Kawai, 19069:97%-
976). He demonstrated that PVDF has the highest pirezoelec-
tric activity of all known polymers.

Microscopic Origin. This section explains the
microscopic origin of piezoelectricity. Klectric dipoles
created under mechanical stress are ghown to be the basic
element of the pirezoelectric effect. These electric dipoles
are associated with a scalar electric potential and a vector
electric field.

From electromagnetics, the electric dipole is an entity

composed of two opposite charges of equal magnitude (+q and
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-q) which are separated by a distance !, as depicted 1n
Figure 2.1 (Kraus. 1984:35). The vector electric dipole

moment (;) 18 (Kraus, 1984:35):

Figure 2.1. Electric Dipole (Kraus, 1984:35).

P = ql (C-m) (2.1)

where !| 18 the vector distance measured from the negative
charge (-q) toward the positive charge (+q). The dipole
moment (;) 18 defined to be the product of the positive
charge and the vector distance.

The vector electric polarization (5) 18 the net
electric dipole moment per unit volume, and is given by:

P ¥ b (C/m?) (2.2)

where N 18 the number of electric dipole moments per unit
volume. The value for polarization is highly dependent on
the orientation of the individual electric dipole moments
unless they all lie in the same direction.

An electric scalar potential (V) and a vector electric

field (i) from electrostatics can be associated with the




&ﬁ' electric dipole moment (Kraus, 1984:35-36). Referring to
Figure 2.2, the electric scalar potential of the electric

dipole 1s:

z 4 REFERENCE
| POINT A _
AXIS OF ! v E
DIPOLE | o
+q
1
-q
|
1
|
|
¢ |

Figure 2.2. Scalar Electric Potential and Vector Electric
Field (Kraus, 1984:35).

V = ql cos(@) / Awer? &' (2.3)

where

ql = magnitude of the electric dipole moment (C-m),
@ = angle measured from the z-axis (degrees),
¢ = ¢ .. is the permittivity of the material (F/m),
¢ permittivity of vacuum (F/m),

o * relative permittivity, and

r = distance from the center of the dipole to the
reference point A (m).




The gradient of the scalar electric potential is8 the vector
electric field (Kraus, 1984:36). The vector electric field
(E’) in spherical coordinates at the reference point A for

the dipole moment is:

A
Es = (ql 7/ 41r¢r'3) (f 2 cos(@) + @ 2in(@)] (V/m) (2.4)
where
f = unit vector in the r direction
A
® = unit vector in the @ direction.

Since crystallographers use the rectangular coordinate
system, it 1s appropriate to express the vector electric
field i1n rectangular coordinates. The vector electric field

in rectangular coordinates is:

Er = (ql /7 4Me rs)

[k 3 cos(@) 8in(@) gin(¢)
+ 9 3 cos(@) sin(@) cos(P)

3 cosz(O)] (V/m) (2.5)

+
N

where
X = unit vector in the x direction
§ = unit vector in the y direction
2 = unit vector in the z direction.
¢

= angle measured from the x-axis (degrees),

Stressed crystals that display a net (directional)

polarization are piezoelectric. The reason these crystals




develop a polarization is because they lack a center of
inversion, and the crystal symmetry becomes distorted under
stress. Figure 2.3 illustrates two crystals, one with a

center of inversion and one without a center of inversion.

1STRESS
(+)
O 10
TSTRESS

CENTER OF INVERSION

STRESS

Figure 2.3. Crystals With and Without a Center of Inversion.
(a) A Crystal with a Center of Inversion
Exhibits No-Piezoelectric Effect. (b) A Crystal
Lacking a Center of Inversion Exhibits the
Piezoelectric Effect (Omar, 1975:407).

The crystal with the center of inversion maintaing a
symmetrical charge distribution, even under stress, and does
not produce a net polarization. However, the symmetrical
charge digtribution in the crystal that lacks a center of

invergion produces a net polarization when stressed. The




associated electric scalar potential and electric field are

created when a net polarization is produced.

Twenty of the 32 crystal classes are noncentrosymmetric
(Omar, 1975:407-408). However, not all noncentrosymmetric
crystals are good piezoelectric crystals, as illustrated in

Table 2.1.

Table 2.1
Common Piezoelectric Crystals (Omar, 1975:407)

(in Decreasing Value of Piezoelectric Strength)

Crystal Relative
(Chemical Formula) Piezoelectric Strength

Rochelle Salt Very Strong
(NaKC4H‘106 - 4H20)
Ammonium Dihydrogen Phosphate Strong
(NH4H2PO4)
Potagsium Dihydrogen Phosphate Moderate
(KH,PO,)

2774
Alpha-Quartz Weak
(5102)

The effect distortion has on a crystal can be illus-
trated with an example. A phenomenclogical piezoelectric
crystal illustrated in Figure 2.4 possesses symmetry with
respect to the negative charge before a stress is applied.

The positive charges are positioned every 120° with respect
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120°

(a)

130°

(b)

Figure 2.4. A Phenomenological Crystal
and (b) Stresgsed.

to the negative charge.

¢

negative and positive charges is 5 units,

dipole moments are:

P, = ®* [( 0.0)q] +

L)

((-4.3)q] +

s
N
"
b-43
<

Py = % [(+4.3)q) + ¥

(a) Unstressed

If the distance between the

[(+5.0)q]
((-2.5)q])

[(-2.5)q].

the electric

The net polarization is given by applying Equation (2.2),

and is:

P =% [(0.00q) + § [( 0.0)q) = 0.0.

Now if an applied stress causes the angles between the upper

positive charge and the other two positive charges to change

2.
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to 115°, and the third angle to change to 130°. the electric

dipole moments become:

P, = % (€ 0.0)q) + y [(+5.0)q]
P, = % [(-4.5)q) + § [(-2.1)q]
53 = % [(+4.5)q) + ¢ [(-2.1)q]).

Similarly, Equation (2.2) yields a net polarization:

P % [(0.0)q) + 9 [(+0.8)q]).

Thus, the stress causes a net polarization in the positive y
direction. In real crystals, the physical deformation and
resulting angle change is very small. It is apparent that
an increase in stress causes an increase in polarization.

Macroscopic Origin. Piezoelectricity in materials is

typically described at the macroscopic level. 1In 1884,
Voight developed a system to describe the different rela-
tions that exist in materials (Cady, 1964:5-8). His system,
which neglects atomic theory, describes the piezoelectric
properties of a crystal in terms of three different types of
directionally-sensitive quantities. These quantities are
the electrical (field and polarization), the elastic (stress
and strain), and the piezoelectric coefficients. 1In mathe-
matical terms, the electrical coefficients are vectors
(first order tensors), the elastic coefficients are second
order tensors, and the piezoelectric coefficients are third

order tensors.




The direct piezoelectric effect involves mechanical
energy being proportionally converted to electrical energy,
and the converse piezoelectric effect involves the inverse
convergion process (Cady, 1964:4). Stresses, strains, and
piezoelectric constants determine how the energy is
converted.

Electrical, mechanical, and electromechanical
properties of piezoelectric materials are directionally
dependent for different mechanical and electrical
excitations (KYNAR Piezo Film Department, 1983:30).
Voight's system relates electric field and polarization
vectors to stress and strain tensors. His system uses a
rectangular coordinate system, but x, y, and z are changed
to 1, 2, and 3, respectively. This coordinate system is
shown in Figure 2.5.

Quantities are subscripted to indicate directions.
Elastic compliances, gtiffness coefficients, dielectric
susceptibilities, and piezoelectric constants are identified
with double numerical subsgcripts (KYNAR Piezo Film Depart-
ment, 1983:30-32). With this notation, the first subscript
identifies the polarization or electric field axis, and the
second subscript identifies the mechanical stress or strain
axis. Stresses, strains, electric fields, and polarizations
are identified with a single numerical subsgcript which

identifies the applicable axis.
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Figure 2.5. Rectangular Coordinate System Used in
Crystallography (KYNAR Piezo Film Department,
1983:30)

The mode 1n which a piezoelectric element operates
depends on the boundary conditions that exist (KYNAR Piezo
Film Department, 1983:31-32). Table 2.2 describes several
constants and their relationship to modes and boundary
conditions (Seippel, 1983:124).

Stress (force per unit area), in the most general form,
can be resolved into six components, three compressional
gtresses and three shearing stresses (Cady, 1964:435-47).

The compressional stresses are denoted Xx. Yy. and z' and
the shearing stress are denoted Y‘. zx. and xy. In each

case, the upper-case letters in the notation denotes the
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Table 2.2

Material Property Symbols and Definitions

(Seippel, 1983:128-129)

Indicates that the pirezoelectricity induced strain,
or applied stress 18 1n the 3-direction.

Indicates that electrodes are perpendicular to the 3-
axis.

strain = ghort circuit charge/electrode area

Q.

applied field applied stress

Indicates that stress is applied equally in the 1-,
2-, and 3-directions (hydrostatic stress); and that
electrodes are perpendicular to the 3-axis.

short circuit charge/electrode area

““

applied stress

Indicates that applied stress, or piezoelectrically
induced strain is i1n the shear form around the 2-
axis.

Indicates that electrodes are perpendicular to the 1-
axis.

field s strain
applied stress applied charge/electrode area
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direction of the force, and the lower-case subscript
indicates the direction of the normal to the surface on

which the force acts. For convenience, the symbols Xx. Yy.

Z_ ., Y_, Zx. and Xy are usually changed to X

F4 z X

1' 2' xsv x

x5. and XG' respectively. Positive stresses are

4'

extensional, and negative stresses are compressional.

Figure 2.6 illustrates several of the different stresses.

A
* Yt V\F

A’ A A’

T —

A A’
v
F

(a) (b) (c)

Figure 2.6. Three Common Stresses Found in Stressed
Materials: (a) Compressional, (b) Extensional,
and (c) Shear.

Strains (relative deformations) can also be resolved

into six components, three compressional (xx. yy. z:) and
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&
Ay

three shearing strains (yz. L and xy) (Cady, 1964:47-50;

van der Ziel, 1968:511). They are denoted as S S S

1* a2

6 respectively. Positive strains are

3 .

S S and S

4’ 75’
extensional and negative straing are compressional. Strains
are related to displacements as follows: 1f the undisturbed
coordinates of a point are x, y, and z, and u, v, and w

descraibe the displacement of the point, then as the result

of a strain, the new coordinates of the point are (x + u),

(y ¢+ v), and (z + w). Consequently,

S, = x_ _ _du (unitless) (2.6)
1 X = —
X

S, =y _ Qv (unitless) (2.7)
2 y = —/—
oy

S, = 2z Ow (unitless) (2.8)
3 z = ——
oz

Sy = X, . dv + du (unitless) (2.9)

Y7 x Ty

Sg =y, . Ow+ Ov (unitless) (2.10)
)4 o2z
S. = 2 du ¢+ Ow . (unitless) (2.11)
6 x z — 0 =
o2z dx

Figure 2.7 shows the effect of positive strains occurring in
the x, y, and 2 directions.

Nonpiezoelectric Materials. Hooke's law, assumed
in elastic theory, is valid for all materials considered in

the elastic limit (Kino, 19087:4; van der Ziel, 1968:3511).
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( x+u, ytv, z+w)

Figure 2.7. Strains i1n the x. y, and z Directions.

‘- It describes a proportionality relationship that exists
between strains and stresses, and can be written as (van der

Z2iel, 1968:511):

s, = :1 uz:x sk X (unitless) (2.12)
and
& 2
L xz':x kz.:l ¢ S (N/m*) (2.13)
where

S. = gtrain (unitless),

X = gtress (l/.z).




'xk * elastic compliance coefficirents (also
called elastic susceptibility) (mz/l>. and
cxk = gtiffness coefficient (also “alled elastaic

coefficient) (ﬂ/mz),

It 13 obvious from Equations (2.12) and (2.13) that there
are 36 elastic compliance coefficirents and 36 stiffness
coefficients. However, according to elastic theory, 'xk z
5., and ik ° Sk, ®° the maximum number of unique elastic
compliance coefficients and stiffness coefficients 18 21.
Each stiffness coefficient can be related to the

corresponding elastic compliance coefficient using the

equation {(van der Ziel, 1968:511):

Sk - Clk /7 D (2.14)

where D 13 the determinant of the elastic compliance

coefficirients (Equation (2.12) matrix), and Cl 18 the

k

cofactor of the same determinant with respect to LI (van
der Ziel, 1968:511).

The lowest order symmetrical crystals posses all 21
elastic coefficients that differ from zero (van der Ziel,
1968:511). As symmetry considerations increase, the number
of coefficients equaling zero increases.

A linear relationship exists dbetween the vector

electric field and the resulting vector electric

polarigation (van der Ziel, 1968:511):




(C/mz) (2.15)

where the clm's are the dielectric constants. The
subscraipts for the polarization and electric field refer to
the vector directions that apply.

Piezoelectric Materials. Two new effects occur 1in

plezoelectric materialg. The first effect 18 that an
electric field creates an additional stress, and the gecond
effect 18 that strain produces an additional polarization
(van der Ziel, 1968:512). These relationghips can be

expressed as:

S E 3 2
X, = X e, S - X e E (N/m“) (2.16)
k=1 m=1
6 3 s 2
P o= Y e S+ ¥ & E (C/m*) (2.17)
m ml 1 / im 1
1z] i=]
where the czxk.' are the gtiffness coefficients, and the
cslm's are the dielectric constants (Cady, 1964:183);: van

der Ziel, 1968:512; KYNAR Piezo Film Department, 1983:33).
The superscript E indicates a constant electric field, and
Ez0 means the electrode surfaces of a metallized piezoelec-
tric element are connected together (short circuited). The
superscript S indicates a constant strain, and S=0 means the
material is completely restrained to prevent any mechanical

deformation when an electric field is applied (clamped).




This parameter is measured only under very sgpecial condi-

tions. The 18 emi’s are called the piezoelectric stress

coefficients, or simply, the piezoelectric coefficients.

Ag before, when symmetry increases, the number of coeffi-

cients equaling zero increases (van der Ziel, 1968:512).
The strains and polarizations can also be expressed in

terms of the stresses and fields (van der Ziel, 1968:512)

6 3
s = ¥ &£ x d E (unitless) (2.18)
1 1k Tk mi m
K=1 m=1
o 3. x 2
P = S a . x. + Y & £ c/md (2.19)
m 121 ml 1 m=1 im 1

E

where the s ik ® are the elastic compliance coefficients,

and the cxlm's are the dielectric constants. The
supergcript X indicates a constant stress and X=0 means no
mechanical restraint exists (KYNAR Piezo Film Department,
1983:41; Fukada, 1982:128). The dmi'l are the
piezoelectric strain coefficients (van der Ziel, 1968:512).
Additional equations can be arrived at in a similar way

(Fukada, 1982:128; KYNAR Piezo Film Department, 1983:41-42).

These are:

(] 3
X
gm a - 2: 3m1 xl + 2: Pm / ¢ mi (V/m) (2.20)
is] m=]




P / e , (V/m) (2.21)
m mi
gmi Pm (unitless) (2.22)
6 P 3 2
. e .8, - X h . P (N/m°) (2.23)
i ik 'k mi m
k=1 m=1
where the gmi's are the piezoelectric strain (or voltage)

constants, and the hmi’s are the piezoelectric stress (or
voltage) constants (KYNAR Piezo Film Department, 1983:43-
44). The superscript P indicates a constant polarization,
and P=0 means the electrode surfaces of a metallized element
are not connected together (open circuited).

The piezoelectric constants are defined as (Fukada,

1982:128-129; KYNAR Piezo Film Department, 1983:43-44):

d = QP _ electrical charge density developed (2.24)
BXE applied mechanical stress
d = oS | strain developed (2.25)
aEx applied electric field
. OE _ electrical field developed (2.26)
g BXP applied mechanical stress
. 98 . gstrain developed (2.27)
g an applied charge density

mechanical stress developed (2.28)
applied electric field

B




o = QP _ electric charge density developed (2.29)
aSE applied strain

h = QE _ electrical field developed (2.30)
bSP applied strain

h = X . mechanical stress developed (2.31)
aPs applied charge density

Equations (2.24), (2.26), (2.28), and (2.30) disclose an
electrical response due to a mechanical excitation (the
direct piezoelectric effect). Equations (2.25), (2.27),
(2.29), and (2.31) reveal a mechanical response to an
applied electrical excitation (the converse piezoelectric
effect) (Fukada, 1982:128-129).

The dielectric constants (es and ex) and the elastic
constants (cE= llsE and cP = 1/8P) are correlated using the

electromechanical coupling coefficient, k (Fukada,

1982:129). The correlation is:

¢ /¢ = ¢ /o =1 -k (2.32)

where k2 = gch (KYNAR Piezo Film Department, 1983:44). The

differences between the dielectric constants (cs and ex) and
elastic constants (cE and cP) can be neglected for
piezoelectric polymers where k2 is less than 0.1 (Fukada,
1982:129). Because this difference can be neglected, the

four piezoelectric constants are related to the dielectric

and elastic constants as follows:

e/d = h/g = ¢ (2.33)




d/g = e/h = €. (2.34)

The electromechanical coupling coefficient (k) is a
parameter which indicates the ability of a material to
convert electrical energy to mechanical energy, or to
convert mechanical energy to electrical energy (Jaffe and
others, 18971:10). The specific relationship is formulated
in terms of k2. It can be represented for the direct
piezoelectric effect as:

k2 - mechanical energy converted to electrical energy
input mechanical energy

(2.35)

For the converse piezoelectric effect, it can be represented

as:

k2 . electrical energy converted to mechanical energy
input electrical energy

(2.36)

Jaffe and others have reported the conversion of mechanical
to electrical energy ig less than unity because the
conversgion igs incomplete (Jaffe and others, 1971:10).

Table 2.3 shows some typical values of electromechanical

coupling coefficients for some piezoelectric crystals.

Polyvinylidene Fluoride

Of all the polymeric materials investigated,
polyvinylidene fluoride (PVDF) exhibits the largest piezo-

electric and pyroelectric coefficients when appropriately
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Table 2.3

The Electromechanical Coupling Coefficients
for a Select Group of Piezoelectric Crystals

(Jaffe and others, 1971:10)

Crystal Coupling Coefficient
Quartz 0.1
Barium Titanate Ceramic 0.4
Pb(Tin)O3 Ceramic 0.5 - 0.7
Rochelle Salt 0.9
polarized (Marcus, 1982:29). The significant piezoelectric

activity in PVDF is the result of mechanically stretching
the polymer film, poling it in a static electric field at
temperatures from 80 to 150°C. and then quenching it while
the field is still applied (Marcus, 1985a:725). The PVDF
polymer in film form is lightweight, durable, flexible, and
available in a variety of thicknesses and surface areas.

The desirable propertieg of PVDF has made it useful in
numerous piezoelectric applications. Pennwalt descridbes six
application areas for piezoelectric PVDF film. These
application areas (XYNAR Piezo Film Department, 1983:64-65)

include:
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1. Hydrophones (acoustically transgparent microphones or
hydrophones) ,

2. Pressure transducers (keyboards, key pads, touch
panel, coin sensors, load cells),

3. Audio transducers (microphones, headset speakers,
high frequency speakers, phonograph cartridges),

4. Electromechanical devices (optical displays, fans,
deformable mirrors, antifouling devices, gauges,
motion detectors),

5. Pyroelectric detectors (intrusion detection), and

6. Ultrasonics (medical i1maging, pulse-echo).

Advantages and Disadvantages. Chatigny and Robb

(Chatigny and Robb, 1986:53) noted there were obvious
operating advantages and disadvantages that PVDF film
possessed compared to the well-known piezoelectric active
materials (such as quartz and piezoceramics). The
advantages they noted (Chatigny and Robb, 1986:53) for PVDF

film were:

1. The film can operate over an extremely wide
frequency range (DC to 10 MHz).

2. It has a wide dynamic range (>286 decibel range).

3. It has a low acoustic impedance. (This feature
makes it a good impedance match for medical ultrasound and

hydrophone applications.)




4. The film has a higher dielectric strength than
piezoceramic material (30 V/micron versus 1.5 V/micron) and,
therefore, can be exposed to higher electric fields.

S. The film has a relatively high electrical impedance.
(This advantage allows the film to provide a complimentary
match to high-impedance devices (for example, CMOS) and
circuits.)

6. Since the film is thin and flexible, it can be
laminated to a vibrating structure without sgignificantly
distorting the motion of the structure.

7. Because the film is a high molecular weight
fluoropolymer, it is mechanically strong and resistant to
extreme environmental conditions (most solvents, acids,
oxidants, and intense ultraviolet radiation).

8. The film can be cut and formed into complex ghapes
or prepared as a large transducer area.

9. The material and fabrication costs of the film are

generally lower than those of other piezoelectric materials.

The disadvantages of PVDF film Chatigny and Robb mentioned

(Chatigny and Robb, 1986:53) were:

1. A low electromechanical coupling coefficient
compared to piezoelectric ceramics.

2. The piezoelectric activity in the film decreases
when gsubjected to elevated temperatures above a 100°¢. (Its

applications are limited to operating below a 100°¢.)




3. The f1lm 18 sensitive to electromagnetic interfer-
ence (EMI) over a wide frequency range. (For certain
applications, the active area of the film is shielded from
EMI radiation.)

4. Thick films (> 1| millimeter) are difficult to
produce due to the enormous electric field required to pole

them.

Physical Properties of PVDF. At a molecular level,

PVDF 18 a ferroelectric, semi-crystalline, high-molecular
weight polymer whose molecular repeat formula (monomer) is
(CH2-CF2)n (KYNAR Pi1ezo Film Department. 1983:26-28;
Lovinger, 1983:1115). The monomer's (elementary repeating
unit of the macromolecular chain) dipole moment is approxi-
mately 7.56 x 10 °° C-m (2.27 Debye) (Marcus, 1982:29).

The polymer crystallizes in at least three distinct
crystalline forms: alpha (or phase II), beta (or phase 1),
and gamma (or phase III) (Marcus, 1085a:724-725; Shuford and
others, 1976:25-26). The alpha and beta crystalline forms
are shown in Figure 2.8. The alpha-form iz the most common
form, and it is produced by cooling the polymer from the
melt (Lovinger, 1983:1116-1117). As shown in Figure 2.8a,
the chain conformation of the alpha-form of PVDF is slightly
distorted and belongs to an orthorhombic unit cell with
lattice parameters: a2 = 4.98 angstroms, b = .05 angstroms,

and ¢ (chain axis) = 4.62 angstroms (Bachman and Lando,

1981:40). The antiparallel packing of the chains make the
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Figure 2.8. Schematic Depiction of the Two Most Common
Crystalline Chain Conformations of PVDF: (a)
Alpha-Form PVDF and (b) Beta-Form PVDF. (The
arrows indicate the projections of the -CF2
dipole directions on the carbon backbone
planes. The alpha-form has components of the
dipole moment both parallel and perpendicular
to the chain axis, while the beta-form has all
dipoles essentially normal to the molecular
axig.) (Lovinger, 1983:1116).

alpha-form crystallite non-piezoelectric. Mechanically
stretching the alpha-form of PVDF at temperatures below 80°c
yields the beta-form that ig illustrated in Figure 2.8Db
(Hasegawa and others, 1972:600). The result is a polar
crystal with a dipole moment of 6.9 x 10-30 C-m (2.1 Debye)
normal to the chain axis, because adjacent chains pack the

unit cell with parallel dipoles (Marcus, 1982:29). The most

s18nificant piezoelectric response is associated with the
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polar beta-form (KYNAR Piezo Film Department, 1983:27). The
gamma-form PVDF is produced by crystallization in specific
solvent systems (Kobayshi and others, 1975:158) or by high-
temperature annealing of the alpha-form (Prest, 1975:4136).
This crystalline form i3 an intermediate between the alpha-
and beta-forms (Marcus, 1982:29-30).

Poling causes crystalline phase transitions in PVDF to
occur (Davis and others, 1978:4998; Marcus, 1985a:724-725).
Poling fields spanning 0.6 to 1.5 MV/cm convert the alpha-
form PVDF into a polar alpha-form (also called the delta-
form) PVDF (Marcus, 1985a:725; Scheinbeim and others,

1979:6101). The dipole moments are i1nverted normal to the

¢’ direction on alternating chains. Stronger poling fields
convert the polar alpha-form PVDF to beta-form PVDF.

Piezoelectric Activity. 1In 1981, Wada and Hayakawa

developed the theory of piezo- and pyroelectricity for PVDF
(Wada and Hayakawa, 1981:115). Their theory was based on a
model in which spheres with & vector spontaneous
polarization (;sc) are embedd